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Abstract

T(_rahertz optic'_l gain dtm to intersubband transitions in optically-pumped

sen_i('onductor quantum wells (QW's) is calculated nonpermrbatively. Wc

solve tile tmtnp-field-induced nonequilibriunl disu'ibution function tbr each

subband of the QW system from a set of rate equations that include both

intrasubband and intersubband relaxation processes. The gain arising from

population inversion and stimulated Raman processes is calculated in a uni-

fied manner. We show that the coherent pump and signal wave interactions

contribute significantly to tim THz gain. Because of the optical Stark effc(:t

and pump-induced population redistribution, optical gain saturation at larger

lmrnp intensities is predicted.
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In recent years there has been considerable interest in intersubband-transition-based

infrared semiconductor quantum well (QW) lasers because of their potential applications. In

tile mid-infrared frequency range, semiconductor quantum cascade lasers based oil ul_ipolar

electrical injection were demonstrated experimenttdly, l-3 In these studies, optical gain is

due to global k-space population inversion between the lasing subbands. In addition to the

study of the electrically injected intersubband lasers, optically pumped intersubband lasers

were also proposed 4'5 and experimentally demonstrated in the mid-infrared range. 6 As in

the electrical pumping c_e, the appearance of the optical gain in the optically pumped

QW system was mainly attributed to the pump-field-induced population inversion. 4-6 In a

third-order perturbative theory, it was suggested that stimulated Raman scattering in QW

systems can produce net optical gain, and the ma:_imum gain of the QW system is linearly

proportional to the I)ump intensity, r's In such a nonlinear optical scheme, the appearance of

()pti(:al gain that may lead to intersubband Raman lasers does not rely on the population

inversion. Since, in the resonant Raman process (Raman gain is the largest in this case), the

strong pump field induces a substantial population redistribution among subbands in the

QW system, it seems that a realistic estimate of the optical gain has to include this effect.

Perturbative calculatiozls may overestimate the Raman gain. Also, the optical Stark effect

w_s not iIl(:luded in the t)r,_vious perturbative treatment. 7,s That (;ffect certainly influences

the optical gain of the opti(:ally-pumped QW system.

In this paper we t)resetlt a nonperturbative calculation of tez'ahertz gain of optically-

t)uziq)(_(t s(,mi('on(hwtor st,,p qu;tntum wells. The. optical g_'dn arising from pump-light-

irldu(:ed population inversion and stimulated Raman processes is calculated in a unified

L_l_mncr. Limiting optical transitions within the condu(:tion band of the QW, w(_ solve the

t),m,1)-ti('ld-indu(:e([ none(tuili[)t'ium (|istri[)ution 51m:ti()a for each su[)ban(t o[ the QW system

['yore t h(, rat_' ('(t_latio_s. B()th izltrasul)l)a_l([ al_([ illt(,rsui)l)aH([ r('la_,mtion pr()c(_ss('s i_l tim

(tU;trltltcWl w('ll svst('m _r(' iH('lu(h'([. TakiHg iHt() a(('()ullt th(' (:ohcr(,rlt iHt('ra(:ti_)rls b('tw('(:rl

pllm 1) _l_([ TI[z (,ni:4_al] w_x'('s, w(' ('_dcuMt(' th[' s_s('(!l)til)ility _)["th(' (._\V svst_,_ I'()l"the' Tllz

.)



contribute significantly to the THz gain in addition to the contributions from the population

inversion. Owing to the optical Stark effect and pump-light-induced population redistribu-

tion, the maximum gain is in general not linearly proportional to the pump intensity. When

tile pump field is sufficiently strong, gain saturation is predicted.

We consider an asymetric step QW structure with three subbands within the conduction

band. The two upper subbands are the lasing states, and the subband energy separation

(Ea2} at zero wave vector of electrons (kll = 0) lies in the THz frequency range (1-10 THz

oz" 4-,10 meV). The eigenenergy (Era) and corresponding wave function (g',,,) of the QW are

calculated from the effective-mass SchrSdinger equation coupled with Poisson equation. The

exchange-correlation effect is included in the local density approximation. 9 The conduction

band nonpara.bolicity is taken into account by using a subb_md-energy-dependent effective

mass._° :\ strong pump field of frequency a,'p (h_' v _ E:_,) drives the QW system (see the

inset o[' Fig. 1). Assuming the eR,ctromagnetic coupling from the signal (THz) wave to the

pump field is weak, we derive the rate equations for the electronic distribution functions

[f,,,(klt ) = f,,,(nz = 1,2, 3)] for the three subbands from the single-particle density matrix

formalism, l_ Including both intrasubband and intersubband relaxation processes, the rate

equations read as

OJ':.___£_= II.:_(.ft _ fa) .fa -.l_ ]_ f:_ , (3)
i:)l, T,._ r:_L ";.re

wh(,t(_

lU:,,,I
_ (.t)

/, [/,,.,,- + U,,,,

is t'h{' I}ll_llt}i lg rate Ir{}ln sul}l}a, rl(t m t{, sul}l}all{l n. [l_ th{' al}{}v{' {,quati{}ns T,.,., 7-,,,,,, :u,{[

F ..... a_r{' th{' ir_rras]tl}ha.{l ('arfi{'r-{'_rri{'r ,s{'art{'ril ._ ti_,,, i_m,rs_l}l}a_,l r{,l;_xati,}l_ rim<,, a_,I



line broadening, respectively. In the electrical dipole approximation, the matrLxelementof

the light-quantum-well interaction Hamiltonian is H_,,,, = -Epp,,n,,, where Ep denotes the

amplitude of the pump electric field that is polarized perpendicular to the wells (in the z axis)

[since the local-field effect is negligibly small for the electron densities used in this paper,

Ep is taken to be the external field] and p,,,_ = efv),,_(z)zO,_(z)dz is the dipole moment

between subband m and subband n. The quantities f_(m = 1, 2,3) are considered to be

the quasi-equilibrium distribution functions which are related to the Fermi-Dirac flmctions

f/,°)(m = 1,2, 3) in the absence of pump field. Thus, for a given temperature and electron

(tensity, the steady-state nonequilibrium distribution function for each subband is uniquely

determined from Eqs. (1)-(3). Here we woukt like to emphasize that in our treatment the

total particle numl)er ill Ollr QW system is conserved, i.e., fl + f2 + f3 = f[o) + f_0) + f_0).

Taking into account the pump and THz wave interactions in the Q\V system, tl the off-

diaganol element of the density matrix operator between subband 3 and subband 2 at the

THz frequency co is given by

A(CO, a_p, kl!)It32E _ ,

where E,_ is the THz field amplitude, and

tH:_tl2 IH._t!e
'_X(_,co.)= h(_ - _) - E_(kr_) -ir_ +

[H_ll_(f t - f:,)

_(_, _,,) = [h(_,- co)- E.,_(k,_)- ir_][h_,, - e._(kf_)-ir',._]

lt/;it_(f_- f2
4

[h(cop+ _)- E:,_(klr)+ zr_:,][hcop-e_(_:t,)+ ir'_] "

h(_ +co) - E:,_(kll)+ ir_._ '

(5)

(6)

(s)

L,, l_c'ill,- the' wi_lth _ff' the _lc'tix'e lnvcr. The'relier< the' _,ptic_ll :_ail is :4iv_'ll I_v

\(_,)- 21/_2:_l"2/./ d2klicoL,, . (2rc)-----_=,. l(_, cop,kl; ) ,

IM(I as

._(w', _),) in Eq. (5) is rest)onsibh_ for the optical Stark elS_ct while R(_o, %,) gives rise to the

_alnau gain of the QW system. From Eq. (5_ we define the susceptibility fi)r the Ttlz probe

(7)



G(_o) - _ Im[x(w)] . (9)
CO 71b

Note that, if we neglect _(_,wp) in Eq. (5) and let f,,_ = f(o) in Eqs. (5) and (7), the

Raman gain given in Eq. (9) is linearly proportional to tile 1)rant) intensity or IEpl 2, a_s in

Refs. [7] and [8]. Also we notice fl'om Eq. (5) that the influence of the pump field to the

optical gain (or loss) is through the combination of stimulated Raman processes, the optical

Stark effect, and the population redistribution. Therefore, the optical gain is in general not

linearly dependent on the pump intensity, as we will see in the [ollowing.

Using Eqs. (l)-(9) we calculated the THz gain spectrum of a GaAs/A1GaAs step QW

at dift'_rent pump frequencies and intensities. The Q\V structure used in our calculations is

siznilar to that in Refi [12]. The deep well width is 65 ./k and the shallow well width is 130 A.

1"he barrier height (relative to the deep well) is 225 meV and the step barrier height is 140

mcV. Using these parameters we found that at kii=0 E3_ _ 25.0 meV ap.d E:_, _ 124.9 meV

(the efl'ective mass for each subband was also determined). The other parameters employed

in our calculations are: F12 = Fla = F2a=a.0 meV, T_=0.6 ps, %1=1.0 ps, 7at=l.2 ps, and

ra._=l.5 ps. 6 To avoid tile strong plasma absorption for tile THz field, we used a small sheet

electron density of 5.17x10 I° cm -2. The temperature was taken to be T=100 I(. In Fig. 1

we show the Ttlz gain spectra (solid curw's) of our QW structure at the pump 1)hoton

energy of h_ v = Ea: for different pump intensities, namely, 0.1, 0.3, and 1.0 MW/cm 2.

For comparison, we also plot in dashed curves tile calculated TtIz gain without stimulated

R_man contributions. It appears From Fig. 1 that varying the pump intensity leads to not

only a change in the maxinmm value of the Tllz gain but also a Itotable shift of the peak

p_sition. The. [)lueshift o[ the peak position in the gain spectrum is due to the. optical

Stttrl,: c[t'ect. \Ve, also note from Fig. 1 that, as the pump intensity increases ['rom 0.1 to 1.0

MW/cm 2, the znaximum gain first increases an([ then decreases. When the pump intensity

is I'urther' incr_'asc_t, the gain _lecwases monotonically. This gain saturatioll stems ['rom

ln,th _ptical Stark _,l['_,ct n ll¢[ lmlnp-ill_lucecl t_oI mlat,ion re_[istrilmtiort. ((-;;tin satur_ltioll

_hl_' t_, ln_Tiil _ li_'h[ _[q,h'thm is mtt inchuh,_t in _,l_r tlworv. This effect is [_r_portant wtwll



the conversionefficiency is large. We expect that this is not the casein our calculations.)

In comparing solid and dashedcurvesin Fig. 1, it is evident that the stimulated Raman

scattering contributes significantly to the Tttz gain.

To seenlore clearly tile saturation behaviorof the Tl:lz gain, weshowin Fig. 2 the gain

of our QW system as a function of tile pump intensity for different probe frequencies,i.e.,

ha; =20, 25 and 30 meV. The maxinmm gain versus the pump intensity is 'also displayed.

In calculating Fig. 2 a pump photon energy of ha;v = E.31 was used. We see from Fig. 2

that, when the pump field is very weak, the gain almost linearly increases with an increase

in tile pump intensity. This should be expected because in tile weak pumping case the

t)erturbation theory is valid. However, when the pump intensity is increased to certain values

(say >_,0.2 MW/cm2), our calculated results (teviate substantially from ttlose predicted from

tile i)err.urbation calculations.

In c,_nclusion, we have calculated terahertz gain of optically-pumped semiconductor step

quantum wells. Both the coherent pump and probe wave interactions and pump-light-

induced population redistribution are taken into account. Our calculations show that the

optical gain is strongly dependent on the pump intensity and frequency, and the maximum

gain is not linearly proportional to the pump intensity even when the pump field is mod-

_t,tt_l_ strong. Because of the coherent pump and TtIz wave interactions as well as thee "' • r

light-induced population redistribution among the subban(ts, gain saturation is predicted.

This work is partly supported by NASA Ames R_,search t._,ellA.I Director's Discretiouarv

Fund.
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FIGURES

FIG. 1. THz gain spectra of a GaAs/A1GaAs step QW with a subband separation of E32 _25.0

meV at a pump photon energy of hwp = E3t for different pump intensities, i.e., 0.1, 0.3, and 1.0

MW/cm 2. The dashed curves represent the results without the contribution from the stimulated

Raman scattering. In the inset, a schematic diagram shows a three-subband step QW driven by a

pump field and THz emission due to transitions from subband E3 to subband E2.

FIG. 2. THz gain spectra of a GaAs/A1GaAs step QW as a function of the pump intensity for

different probe frequencies, i.e. hw = 20, 25, and 30 meV. The pump photon energy is hwp = E31.

The dashed line shows the maximum gain of the QW system.
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